Abstract: Two-dimensional Fourier transform electronic spectra were recorded for the LH3 light harvesting complex. The spectra reveal the weak coupling between B800 molecules, the ultrafast dynamics within B820 and energy flow from B800 to B850.
Introduction
The systems being addressed by optical spectroscopic methods are becoming increasingly complex. This has driven the type of development seen earlier in nuclear magnetic resonance spectroscopy that lead to the development of NOES Y (or 2D exchange spectroscopy) and COSY (correlation spectroscopy) methods. Extending such techniques to the optical domain gives a dramatic gain in time resolution, and the ability to observe and quantify electronic couplings. By recording 2D spectra as a function of 'population' time, the pathways by which a dynamical system evolves may be observed directly. Because even weak electronic coupling significantly changes the spacing and oscillator strength of one-to two-exciton transitions, 2D spectra are extremely sensitive to the presence of electronic coupling through the destructive uiterference of ground to oneexciton and one-to two-exciton transitions. Next is the ability of the 2D method to reveal signatures of quantum dynamical effects such as electronic coherence transfer in ultrafast processes, the modulation of electronic coupling by nuclear motion, and the transient creation of coherence between two states when the system's motion takes it near or to a conical intersection seam. Finally, because the 2D method we use is a form of photon echo spectroscopy, the inhomogeneous broadening is removed in the antidiagonal direction leading to resolution enhancement in congested spectra.
Photosynthetic light harvesting complexes represent important systems for 2D electronic spectroscopy: They have complex electronic states that are delocalized over several molecules, ultrafast relaxation between levels, and the potential for functionally significant quantum dynamics. Knowing how the energy levels are laid out in space is crucial to tmderstanding the flow of excitation energy through a light harvesting protein. In the case of the Feima-Matthews-Olson Light Harvesting Protein (FMO), a seven bacteriochlorophyll (BChl) containing protein.
we showed that the electronic states were typically delocalized over two molecules and that this delocalization allowed energy to move through the complex in two or at most 3 steps by taking comparatively large energy jumps between pairs of excitonic states located on adjacent molecules [1, 2] .
Results and Discussion
We have applied the technique to the bacterial light harvesting protein LH3 (B800/B820) [3] which contains 27 BChl molecules in two rings one with 18 BChl molecules absorbing at 820nm (B820) and one with 9 BChls absorbing at 800nm. The 2D spectra at 3 population times (T) are shown in Fig. 1. ifiSj^L-'i Si-'. Fig. 1 . Real 2D spectra of LH3 B800-B820 at two temperatures and three values of the population time.
Clearly, the shapes of the B800 and B820 diagonal peaks at 77K are very different at T=0. The B800 peak is diagonally elongated showing static inhomogeneous broadening. Its shape remains essentially unchanged for several hundred fs. The B820 diagonal peak is aheady broadened at T=0 and exhibits dynamics on the timescale of tens of fs dynamics from relaxation within the manifold of 18 one-exciton levels. Second, the B800 peak falls off much more steeply above the diagonal than below. This is a consequence of the very weak interaction between the B800 molecules (-30 cm"') [4] . This redistributes the oscillator strength among the one-to two-exciton transitions producing 'excited state absorption' which cancels the 'ground state bleach' and simulated emission for transitions that lie above the diagonal and produces the sharp 'edge' on the peak. If the B800 band were simply a set of 7 inhomogeneous uncoupled monomers, the diagonal peak would be quite symmetric in the antidiagonal direction [5] . It is noteworthy that the influence of the coupling is so clear given that its magnitude is roughly 3/5 kT at 77K and 1/4 kT at 180K. Nonetheless, the influence of temperature in producing dynamical fluctuations in exciton energies is clear in Fig. 1 with the B800 peak being more strongly influenced by increase in temperature than the B820 peak. Fig. 2 . Calculated 2D real spectra for LH3 at 77K at a series of population times. B800 to B820 relaxation is evident in the cross peak seen in the lower right of Fig. 1 at T=lps. The strong (negative) or one-to two-exciton transitions (dark with dashed contours) result from relaxation within the B820 manifold following transfer from B800. Fig. 2 shows calculated 2D specfra using modified Forster/Redfield theory [7] . The agreement with experiment including the development of the strong negative features is quite reasonable, although no attempt to iteratively fit the experimental 2D specfra was made. In analyzing the pathways of energy flow from B800 levels to B820 levels, our calculations sfrongly confirm earUer ideas of Scholes and Fleming [8] and Sumi and coworkers [9] that significant fransfer occurs from B800 to dark, higher lying levels of B820 followed by rapid relaxation to the lower, bright states [5] . Coulombic coupling for molecules spaced by distances small compared to their size can be large even when the transition dipole is rigorously zero, and is used to facilitate fransitions to or from states with little or even absolutely no oscillator sfrength [8, 9] .
